) concentrations. Low water levels, warm temperatures and sunny conditions in 2007 resulted in early colonization, sustained low DIN concentrations and a 4-fold rise in G. pisum biomass compared to 2006. At all sites, the near-zero stable nitrogen isotope (δ 15 N) signature of G. pisum revealed its exclusive reliance on atmospheric nitrogen. V. americana leaves that were heavily colonized by G. pisum exhibited significantly lower chl a, %N and %P contents than those at sites where G. pisum was absent. The poor condition of V. americana was more likely related to low DIN concentration than to any direct effect of cyanobacterial colonization. G. pisum thus integrates complex, temporally variable water-quality characteristics that are dependent upon hydrology and water residence time, thus acting as an early warning indicator of incipient habitat degradation that may lead to cyanobacterial proliferation and low biomass of vascular macrophytes.
INTRODUCTION
Freshwater ecosystems worldwide are increasingly faced with nutrient overload from urban and agricultural activities, resulting in the noxious proliferation of phytoplankton and macrophytes. Excessive phosphorus (P) loads have been consistently identified as the main cause of eutrophication in fresh waters (Vollenweider 1968 , Schindler 1974 , in contrast to estuaries and marine waters, where nitrogen (N) is usually limiting (see review of Howarth & Marino 2006) . Despite increasing eutrophication, episodes of dissolved inorganic nitrogen (DIN) depletion have been reported in lakes, rivers and wetlands (Scott et al. 2005 , Weyhenmeyer et al. 2007 , Lewis & Wurtsbaugh 2008 . Excessive P fertilization has been shown to lead to severe N limitation in freshwater phytoplankton, favouring the dominance of N-fixing cyanobacteria (Hyenstrand et al. 1998 , Schindler et al. 2008 .
Factors inducing the dominance of benthic cyanobacteria in running waters are less documented (Vis et al. 2008) . We studied the epiphytic cyanobacterium Gloeotrichia pisum, which forms spherical colonies embedded in a gelatinous matrix that is attached to submerged aquatic vegetation (Granetti 1969 , Aziz & Whitton 1988 . G. pisum is morphologically similar to the better-studied G. echinulata, which is a taxon that exhibits a planktonic phase after its initial development in shallow littoral sediments (Roelofs & Oglesby 1970 , Carey et al. 2008 ) and total dissolved phosphorus (< 20 µg P l -1 G. pisum in the St. Lawrence River coincided with latesummer depletion of DIN in an area located downstream of a dense wetland through which water percolated slowly (Vis et al. 2008 ). These observations led us to hypothesize that the occurrence of this species could reflect the overall hydrological and chemical conditions prevailing during the entire growing season, thus integrating seasonal variations in water chemistry in rivers and reservoirs, where water quality changes quickly with discharge (Chêtelat & Pick 2001 , Hudon & Carignan 2008 . The testing of this hypothesis further provided an opportunity to investigate the effects of persistent low DIN concentrations and of G. pisum presence on submerged macrophytes.
To this end, we assessed the distribution and abundance of Gloeotrichia pisum that are attached to the macrophyte Vallisneria americana in surveys of 2 fluvial lakes of the St. Lawrence River, both of which are characterized by spatially and temporally variable water masses. Concomitantly, we measured V. americana biomass, condition (C, N, P and chlorophyll content) and epiphytic cover to determine whether or not reduced DIN concentrations, as indicated by G. pisum, were affecting the aquatic vegetation.
MATERIALS AND METHODS
Study site. The study was carried out in 2 fluvial lakes of the St. Lawrence River -Lake Saint-Louis (45.40°N, 73.80°W) and Lake Saint-Pierre (46.20°N, 72.85°W) (Fig. 1 ) -located respectively 30 km upstream and 85 km downstream of Montreal, Quebec, Canada. Fluvial lakes formed by the widening of the main river stem are relatively slow-flowing (< 0.5 m s -1 ) and shallow (mean depth ~3 m), with the exception of a man-made central navigation channel (depth > 11 m) that concentrates a significant portion of the river flow.
In Lake Saint-Louis, clear waters originating from Lake Ontario are characterized by low total dissolved P (TDP < 8 µg P l -1 ) and medium DIN (> 350 µg N l -1 ) concentrations; these waters flow in the central navigation channel and spill over to the south shore. In contrast, turbid, P enriched (TDP > 10 µg P l -1 ), low DIN (< 250 µg N l -1 ) waters originating from the Ottawa River flow along the north shore. In Lake Saint-Pierre, the water mass originating from Lake Ontario occupies the central, fast-flowing navigation channel, whereas slow-flowing areas along the north and south shores are largely under the influence of the Ottawa River and other nutrient-rich tributaries (Hudon & Carignan 2008) .
The shallow depth, gentle slope, slow current, and high nutrient content that prevail in the fluvial lakes of the St. Lawrence River favour the development of large beds of submerged aquatic vegetation. This vegetation is heavily colonized by periphyton and filamentous green algae, which tend to proliferate during summers of low discharge (Vis et al. 2007) .
Sampling and analyses. The spatial distribution and abundance of Gloeotrichia pisum at the end of the growing season (late August) was assessed in both Lakes Saint-Louis (2007 only) and Saint-Pierre (2006 (Table 1) . Seasonal (May to October) and interannual changes in abundance were monitored at a subset of stations along the south shore of Lake Saint-Pierre (Table 1) We measured water temperature and conductivity using a conductivity meter (model 600XLM, YSI). Underwater light extinction coefficient (K) was either measured with a light meter (LI-COR Biosciences) or calculated from previously documented relationships that were derived from suspended particulate matter (SPM) and dissolved organic carbon (DOC) concentrations.
Water samples were collected just below the surface. Given the absence of vertical stratification in the fluvial lakes, these samples were considered representative of the entire water column (C. Hudon unpubl. data). Unfiltered subsamples were used for the analyses of SPM (APHA 1995), total P (TP), and total N (TN). Filtered (Whatman GF/C) water was used for the analyses of TDP, NO 2 -+NO 3 -, NH 4 + , DOC, and colour (platinum/cobalt, Pt/Co method) (Environment Canada 2005) .
The biomasses of vascular macrophytes (i.e. Vallisneria americana), filamentous chlorophytes (i.e. Cladophora, Oedogonium, Hydrodictyon) and benthic cyanobacteria (i.e. Lyngbya wollei) were estimated at each site from 3 to 10 samples collected using a double-headed rake (35 cm wide) (Yin et al. 2000) that was dragged over a length of ~1 m (0.35 m 2 ). The sampled vegetation was thoroughly rinsed, sorted among major plant types (vascular plants, filamentous chlorophytes and benthic cyanobacteria) and weighed wet (to the nearest 0.01 kg) on board the boat. Previously documented wet to dry mass (DM) conversion factors (Hudon & Lalonde 1998) were used to estimate vegetation DM m -2 . Although Gloeotrichia pisum colonizes all submerged aquatic vegetation, we focused our assessment , left hatching) concentrations are also shown on Vallisneria americana, which is the most common vascular plant species in the St. Lawrence River (Vis et al. 2007 ) and whose linear, ribbon-like leaves greatly simplified the quantification of epiphytes. In the field, the relative abundance of G. pisum on V. americana was visually ranked (absent: 0, present: 1 and abundant: 2) at each station (Fig. 2) . Field rankings were verified against laboratory measurements of G. pisum biomass on V. americana leaves (mg G. pisum DM g -1 V. americana DM) that were derived from a composite sample of V. americana leaves collected at each site and frozen until analysis. We quantified G. pisum colonies (number, volume, DM), biomass of other epiphytes (chl a), and indicators of V. americana condition (%C, %N, %P and chl a tissue contents). All epiphytes, including G. pisum colonies, were manually removed from 10 V. americana leaves, which were subsequently dried (60°C) and weighed (to the nearest 0.1 mg). G. pisum colonies were sorted from micro-epiphytes under a dissecting microscope, measured (to the nearest 0.01 mm), dried and weighed (to the nearest 0.001 mg) to assess their total volume (µm 3 , derived from individual measurements of colonies) and DM (mg g -1 V. americana DM).
The chl a content was determined separately for cleaned Vallisneria americana leaves and for their loosely attached micro-epiphytes (µg chl a mg -1 V. americana DM), using spectrophotometry after cold ethanol extraction (Nusch 1980) . C and N contents of powdered V. americana leaves were measured with a Perkin Elmer 2400 Elemental Analyser (Environment Canada 2005). P content of V. americana tissues was determined following Stainton et al. (1977) .
Stable isotope analysis. Plant tissues were oven dried (60°C), exposed to concentrated HCl fumes for 24 h and pulverized. The stable isotopic composition of weighted amounts of powdered samples was determined using isotope ratio mass spectrometry (Conflo II and DeltaPlus XP IRMS, ThermoFinnigan). The data were normalized using internal standards previously calibrated with international standards IAEA-CH-6, IAEA-NBS22, IAEA-N1, IAEA-N2, USGS-40, USGS-41; analytical precision was 0.2 ‰ (2 SD; Hatch Laboratory, University of Ottawa, Canada).
Data analysis. The biomass of Gloeotrichia pisum (mg DM g -1 Vallisneria americana DM) was allocated to 1 of 3 groups: absent (biomass = 0), present, and abundant (biomass < 25 and ≥25 mg DM g -1 V. americana DM, respectively). The accuracy of our field ranking of G. pisum was then assessed against laboratory measurements and the agreement between them beyond chance alone was quantified with Cohen's kappa (PROC FREQ, SAS V. 9.1). The spatial distribution of G. pisum abundance and the various water quality characteristics at each station were mapped (MapInfo V. 6.5); the relationships between G. pisum abundance and the physical, chemical and biological variables measured at each station were detected using simple correlations (Pearson r).
The physical, chemical and biological variables (some of which were heteroscedastic) corresponding to each abundance class of Gloeotrichia pisum were compared using Kruskal-Wallis nonparametric ANOVA followed by a comparison of mean ranks (Statistix analytical software). Interannual (2006 Interannual ( -2007 The presence and abundance of Gloeotrichia pisum were modeled in 2 steps. First, the probability of occurrence of G. pisum as a function of environmental variables (water depth, transparency, conductivity, colour, current speed, fetch, SPM, DOC and concentration of nutrients) was determined from a logistic regression model (PROC LOGISTIC, SAS V. 9.1). This model was validated using an independent set of 48 observations collected in Lake Saint-Pierre on other dates for which the same variables were measured, by comparing the predicted with the observed occurrence of G. pisum. Second, when G. pisum was present, its abundance was related to physical and chemical variables by multiple regressions (PROC REG, SAS V. 9.1).
The relative magnitude of the effects of physical and chemical water characteristics (transparency, nutrient concentrations) and of the biomass of Gloeotrichia pisum on Vallisneria americana condition (%N in tissues) was determined using partial multiple correlations (PROC CANCORR, SAS V. 9.1). This analysis quantifies the strength of the relationship between V. americana's condition and each group of variables after accounting for the effect of a second group.
RESULTS

Characteristics of G. pisum and V. americana
Gloeotrichia pisum colonies varied from being spherical to elliptical in form and ranged from 0.3 to 3.6 mm in diameter (Table 2) . Filaments radiated from the centre of the gelatinous colony, tapering from a basal heterocyst to a very fine point (Fig. 2) . Colony volume ranged from 0.001 to 14.2 mm 3 in 2006; colonies up to 1 cm across were observed (but not systematically measured) in 2007. The different estimates of abundance (no. of colonies, volume and dry mass) of G. pisum on Vallisneria americana leaves were highly correlated to each other: number of colonies was closely correlated to volume (mm 3 ; r = 0.92, p < 0.001, N = 36) and DM (mg; r = 0.97, p < 0.001, N = 36). DM increased linearly with colony volume after both variables were log-transformed ( , reaching up to 554 g DM m -2 in the most dense assemblages.
Visual field rankings of the abundance of G. pisum (from 0 (absent) to 2 (abundant)) agreed with their laboratory rankings based on biomass for 75% of the samples (N = 134, kappa = 0.62, SD = 0.05), which represents a correspondence higher than would be expected by chance alone.
Spatial distribution of G. pisum and environmental variables
Sites where Gloeotrichia pisum occurred differed markedly in most physical and chemical variables (Kruskal-Wallis ANOVA; Fig. 3 ) from those where it was absent. In both fluvial lakes and for both years surveyed, G. pisum occurred at stations located near the shore, in sheltered embayments ( ) than at sites where it was absent. Differences in TN and TP concentrations were mostly explained by their dissolved components (Fig. 3) . Consequently, the mean (± SD) DIN:TDP molar ratio in water shifted from 13.5 (±10.4) at sites where G. pisum was absent to 2.9 (± 5.8) at sites where it was abundant.
Gloeotrichia pisum distribution at a finer spatial scale was examined by considering a subset of sites For each value, the mean (± SD), minimum and maximum values (min-max) and number of measurements (N) are specified. DM: dry mass that were closely located within the same water mass along the south shore of Lake Saint-Pierre. In both years of study, G. pisum abundance rose with increasing distance downstream, in conjunction with a sharp drop in DIN and a lesser decrease in TDP concentration (Fig. 4) .
Modeling the occurrence and biomass of G. pisum
The probability of occurrence of Gloeotrichia pisum was expressed by the logistical relationship:
where ( Validation using independent data revealed that the model yielded accurate predictions of G. pisum presence or absence in 75% of the cases ( Fig. 5B; N = 48) .
When Gloeotrichia pisum was present, its log-transformed biomass was related to DIN and TDP concentrations by a linear model (Eq. 2) that also included water depth (Z) and TN (p < 0.0001, adjusted R 2 = 0.34): Saint-Pierre (2006 and SaintLouis (2007) . For each variable, the probability (p) of significant difference between classes is as follows: light extinction coefficient (K, p = 0.0003), suspended particulate matter (SPM, p = 0.0003), dissolved inorganic nitrogen (DIN, p < 0.00001), total nitrogen (TN, p < 0.00001), total dissolved phosphorus (TDP, p < 0.00001) and total phosphorus (TP, p < 0.00001); abundance groups for which means differ significantly are identified by different letters (Kruskal-Wallis ANOVA rank test). For each box plot, the boundary of the box indicates the 25th and 75th percentiles, the line within the box marks the median, whiskers above and below the box indicate the 10th and 90th percentiles and dots indicate the 5th and 95th percentiles (2) where the values of estimated parameters (± SE) are: a = 9.89 ± 1.6, b = -0.017 ± 0.006, c = -0.11 ± 0.04, d = -1.96 ± 0.65 and e = -0.0067 ± 0.0027. The low explanatory power of this relationship, however, limits its use for the actual prediction of the biomass of G. pisum.
Seasonal and interannual variations
In the St. Lawrence River, Gloeotrichia pisum was typically observed in August and September (Fig. 6A) , coinciding with maximum summer temperatures (≥25°C), and remained commonplace (> 40% of stations) until mid-October, when water temperatures dropped to ≤10°C. In 2006, G. pisum was first detected on 20 August, after its absence had been documented on 3 previous occasions, whereas it first appeared on 27 July 2007, after 2 earlier negative surveys. Once observed, its frequency of occurrence exhibited no clear seasonal pattern (Fig. 6A) .
Seasonal sampling along the south shore of Lake Saint-Pierre, where Gloeotrichia pisum was most frequently observed (Fig. 1) , showed that DIN concentrations followed a marked seasonal pattern of higher (100 to 400 µg N l -1 ) spring and fall values and lower (< 50 µg N l -1 ) summer concentrations (Fig. 6B) 
Response of other primary producers growing alongside G. pisum
The high biomass of Gloeotrichia pisum coincided with a low biomass of both macrophytes (p = 0.0015) and filamentous chlorophytes (nonsignificant, p = 0.49), and a high biomass of the filamentous benthic cyanobacterium Lyngbya wollei (p = 0.0014) (KruskalWallis ANOVA) (Fig. 7) over both years and lakes. In addition, at stations where vascular macrophytes were heavily colonized by G. pisum, Vallisneria americana leaves exhibited a decrease in chl a (p = 0.0008), and epiphytic biomass (as chl a) also dropped (albeit not significantly, p = 0.08) (Fig. 7) . The %N in V. americana tissues decreased significantly from 3.2 to 2.2% (median values) when colonized by G. pisum. A similar decrease was observed for %P (from 0.18 to 0.12%), whereas %C remained unchanged at ~38% (Fig. 8) .
Where they co-occurred, Gloeotrichia pisum tissues comprised twice as much N (4.8 ±1.0% SD, N = 10) as did the Vallisneria americana tissues (2.2 ± 0.3%, N = 10) (Fig. 8 ). Neither the P nor the C content differed between the cyanobacterial epiphyte and its macrophytic substratum. However, V. americana tissues at sites free of G. pisum exhibited higher %P and %N than at sites where the macrophyte leaves were colonized (Fig. 8) .
We further investigated whether the %N in Vallisneria americana was more strongly linked to water chemistry or to the biomass of Gloeotrichia pisum. Once the 198 Fig. 7 . Biomass of primary producers and condition of Vallisneria americana found at stations where Gloeotrichia pisum was absent, present (< 25 mg DM g -1 V. americana DM) or abundant (≥25 mg DM g -1 V. americana DM). For each variable, the probability (p) of significant differences between classes of abundance is indicated; abundance groups for which means differ significantly are identified by different letters (Kruskal-Wallis ANOVA rank test). For each box plot, the boundary of the box indicates the 25th and 75th percentiles, the line within the box marks the median, whiskers above and below the box indicate the 10th and 90th percentiles and dots indicate the 5th and 95th percentiles.
DM: dry matter effect of the biomass of G. pisum was accounted for, the concentration of the different forms of N in water explained 40% of the variance in %N in V. americana (p < 0.0001). The explanatory power of the relationship remained very highly significant and still explained 35% of the variance in %N in V. americana when calculations were made using DIN alone, after removing the effect of G. pisum. Conversely, after accounting for the effect of N forms, the biomass of G. pisum only explained 8% of the variance in %N in V. americana (p < 0.01).
The stable isotopic signature of Gloeotrichia pisum was markedly different from that of the other primary producers collected at the same sites (Fig. 9 ). δ 15 N values ranged from -5.9 to -6.5 ‰ in macrophytes, filamentous cyanobacteria (L. wollei) and chlorophytes (Hydrodictyon sp.). In contrast, the δ 15 N signature of G. pisum was close to 0 ‰ (-0.08 ± 1.15 ‰ [SD]), indicating the use of atmospheric N. The δ 13 C signature of G. pisum (-13.0 ± 3.7 ‰) was less negative than that observed in the other types of vegetation (mean ranging from -25 to -17 ‰). The δ 15 N signature of G. pisum was equally low for both lakes, although δ 13 C isotopic signatures differed slightly among fluvial lakes.
DISCUSSION
Spatial and temporal patterns of G. pisum occurrence
Gloeotrichia pisum consistently occurred at shallow, clear-water sites (> 24% of incident light reaching the bottom) characterized by moderate TDP (10 to 20 µg P l -1 ) and low DIN (< 40 µg N l -1 ) concentrations. This pattern was confirmed for 2 summers in 2 fluvial lakes of the St. Lawrence River.
The seasonal occurrence of Gloeotrichia pisum also followed a clear pattern. Early colonization was observed in 2007 due to the combined effects of warm, sunny weather and low water levels recorded in early summer, leading to warm water temperatures and high bottom light intensity. The affinity of cyanobacteria to warm (>15°C) water temperatures is well documented (Konopka & Brock 1978 , Robarts & Zohary 1987 . of low DIN and the first occurrence of G. pisum, consistent with the 25 to 36 d lag required for germination and pelagic recruitment of G. echinulata (Roelofs & Oglesby 1970 , Carey et al. 2008 . This coincidence suggests that the development time of G. pisum may be similar to that of the better studied planktonic taxon. Whereas these conditions favoured G. pisum growth, the low water levels of 2007 coincided with a sharp decrease in %N in Vallisneria americana tissues. Both the occurrence of G. pisum and the low condition of V. americana resulted from the occurrence of low DIN concentrations over the weeks prior to sampling, thus suggesting that the presence of G. pisum integrates temporally variable seasonal conditions.
Linkage with hydrology
The strong linkages between hydrology, nutrient concentration and algal species composition were highlighted by the fine-scale gradients along the south shore of Lake Saint-Pierre, where nutrient-rich waters originating from the tributaries travelled through a shallow macrophyte bed. In the upstream part of the gradient, water showed high DIN and TDP concentrations, coinciding with dense macrophytes, abundant filamentous chlorophytes and epiphytes, and the absence of Gloeotrichia pisum. Downstream of the dense macrophyte bed, TDP concentrations remained fairly constant but DIN concentrations and the biomass of primary producers dropped substantially, coincident with the presence of G. pisum. Similar nutrient gradients (particularly DIN) were documented across wetlands (Scott et al. 2005 ) and areas of the Florida Everglades (Vaithiyanathan & Richardson 1999) ; such gradients may have resulted from plant assimilation and bacterial denitrification (Seitzinger et al. 2006) . In contrast, TDP is constantly remineralized through plant assimilation and degradation (Rooney & Kalff 2003) and thus remained fairly stable (> 20 µg P l -1 ). The development of DIN-depleted waters in shallow areas of the St. Lawrence River fluvial lakes (Hudon & Carignan 2008) coincided with a shift from filamentous chlorophytes to cyanobacteria (Vis et al. 2007 ). Conversely, shifts from cyanobacterial to chlorophyte dominance were observed in shallow eutrophic lakes when concentrations of both P and N became excessive (Leonardson & Ripl 1980 , Jensen et al. 1994 .
Conditions affecting G. pisum occurrence
As previously shown for the planktonic Gloeotrichia echinulata (Vuorio et al. 2006 ), a δ 15 N signature consistently close to 0 ‰ confirmed the reliance of epiphytic G. pisum on atmospheric N in all the areas we surveyed in the St. Lawrence River. The 13 C enrichment exhibited both by epiphytic G. pisum and planktonic G. echinulata likely resulted from diffusion limitation due to the large colony size of these morphologically similar taxa (Vuorio et al. 2009 ). High illumination and adequate P concentrations are also required to sustain the extra energetic demand of atmospheric N 2 fixation (Liao & Lean 1978 , Lundgren 1978 . G. pisum was associated with clear waters in which TDP concentrations always exceeded 10 µg P l -1 . The water DIN:TDP molar ratios observed in the presence of G. pisum were extremely low (≤5), and well below the Redfield ratio (16), indicating strong N limitation. Similar TDP concentrations and DIN:TDP ratios sustained diazotrophic planktonic cyanobacterial dominance in a wholeecosystem manipulation of a boreal shield lake (Schindler et al. 2008 ).
Effects of low DIN on other primary producers
Areas where Gloeotrichia pisum thrived also showed increasing biomass of another benthic cyanobacterium, Lyngbya wollei, which formed cm-thick mats of filaments at the sediment -water interface. Anoxic conditions under these mats could increase P availability from superficial sediment and allow N 2 fixation by filaments close to the sediment. In contrast, algae such as epiphytic diatoms and filamentous chlorophytes, which rely on DIN as a N source, were disadvantaged, as evidenced by their sharp decrease in biomass in areas where G. pisum and L. wollei occurred. In addition, eukaryotes have a lower tolerance to anoxic waters that are potentially rich in sulfides than cyanobacteria (Camacho et al. 1996) .
Similarly, rooted vascular macrophytes are tightly constrained in slow-flowing waters since they lack the ability to fix atmospheric N 2 and thus derive most of their nutrients from the sediment (Carignan & Kalff 1980) . Such a disadvantage is exemplified by the 50% reduction in macrophyte biomass at stations where Gloeotrichia pisum occurred as well as the poor condition of Vallisneria americana, as shown by the low N and chl a content in its tissues. A partial correlation analysis suggested that V. americana's poor condition was more likely related to low DIN concentrations than to any direct effect of heavy colonization by G. pisum. Since V. americana does not make use of the DIN in water, its low condition likely resulted from low N content in the underlying sediments, which happens to coincide with low DIN concentration in water after its slow flow through dense macrophyte beds; whereas the former is induced by sedimentation upstream, the latter results from bacterial denitrification and algal assimilation. For example, the sandy sediments of areas with persistently low DIN concentrations where G. pisum occurred in Lake Saint-Pierre contained very low %C (0.45 ± 0.20% [SD] , N = 12) and %N (0.02 ± 0.01% [SD] , N = 12), but slightly higher %P (0.04 ± 0.02% [SD] , N = 12) (C. Hudon unpubl. data). The low molar N:P ratio (0.90 ± 0.65 [SD] , N = 12) supplied by the sediment was indicative of acute N limitation to vascular macrophytes (Duarte 1992) .
The divergent responses of Vallisneria americana and Gloeotrichia pisum to N depletion are clearly indicated by their tissue chemical compositions. The cyanobacterial epiphyte harboured substantially higher %N than its macrophyte substratum, likely due to its diazotrophic ability. Despite G. pisum's high N content, the organic N incorporated into the macrophyte biomass was much greater on an areal basis than that incorporated in the epiphytic cyanobacteria. On average, V. americana and G. pisum , respectively, to the littoral zone of Lakes SaintLouis and Saint-Pierre. Given a DIN-depleted zone of 25 km 2 in southern Lake Saint-Pierre, the annual contribution of V. americana and G. pisum would translate to 50 and 2.5 tons of organic N yr -1 , respectively, which together represent <1% of the annual load of organic N into the study area by the 3 largest southern tributaries of the St. Lawrence River (Hudon & Carignan 2008) . Although the contribution of G. pisum to the overall St. Lawrence River N budget is small, it could represent significant inputs locally, especially in Ndepleted southeastern Lake Saint-Pierre.
CONCLUSION
As shown by the high concordance between our field and laboratory observations, the presence/absence of Gloeotrichia pisum could be reliably determined in the field. The clear association of this taxon with areas of low DIN further made it a quick and easy indicator of late-summer nutrient concentrations. Our model predicted the presence/absence of G. pisum from DIN and TDP measurements in water with an 80% success rate, with similarly good performance using an independent validation data set.
The ecological niche of Gloeotrichia pisum might be broadly defined by its ability to grow under combinations of dissolved nutrient concentrations (e.g. low DIN and moderate TDP or adequate DIN and low TDP) that are unsuitable for other competing epiphytes which do not possess diazotrophic abilities. This study further supports the hypothesis that either N or P may limit (or co-limit) algal growth, depending on specific sets of environmental conditions (Lewis & Wurtsbaugh 2008) .
G. pisum integrates complex, temporally variable water-quality characteristics that are dependent upon hydrology and water residence time. This species thus appears to be an early warning indicator of chronic DIN depletion in aquatic environments, which is symptomatic of ongoing habitat degradation. In lakes and other water bodies with long residence times, such disequilibrium in dissolved N:P ratios in water could lead to planktonic blooms of diazotrophic cyanobacteria (Hyenstrand et al. 1998 , Schindler et al. 2008 . Similarly, in slow-flowing rivers such as the St. Lawrence River fluvial lakes, DIN depletion leads to widespread occurrence of benthic cyanobacteria, including G. pisum and mats of Lyngbya wollei (Vis et al. 2008) . In addition to the potential production of cyanobacterial toxins and taste and odour compounds (Paerl 1988) , DIN depletion coincides with a decline in the biomass and condition of submerged aquatic macrophytes. Given the importance of aquatic vegetation as habitats for invertebrates and fish (Tessier et al. 2008) , its decrease and possible demise could signal a major reduction in the support capacity of St. Lawrence River fluvial lakes for secondary production. 
